NiO layers were grown on MgO(100), MgO(110) and MgO(111) substrates by plasma-assisted molecular beam epitaxy under Ni-flux limited growth conditions. Single crystalline growth with a cube-on-cube epitaxial relationship was confirmed by X-ray diffraction measurements for all used growth conditions and substrates except MgO(111). A detailed growth series on MgO(100) was prepared using substrate temperatures ranging from 20°C to 900°C to investigate the influence on the layer characteristics. Energy-dispersive X-ray spectroscopy indicated close-to-stoichiometric layers with an oxygen content of ≈ 47 at.% and ≈ 50 at.% grown under low and high O-flux, respectively. All NiO layers had a root-mean-square surface roughness below 1 nm, measured by atomic force microscopy, except for rougher layers grown at 900°C or using molecular oxygen. Growth at 900°C led to a significant diffusion of Mg from the substrate into the film. The relative intensity of the quasi-forbidden one-phonon Raman peak is introduced as a gauge of the crystal quality, indicating the highest layer quality for growth at low oxygen fluxes and high growth temperature, likely due to the resulting high adatom diffusion length during growth. Optical and electrical properties were investigated by spectroscopic ellipsometry and resistance measurements, respectively. All NiO layers were transparent with an optical band gap around 3.6 eV and semi-insulating at room temperature. However, changes upon exposure to reducing or oxidizing gases of the resistance of a representative layer at elevated temperature was able to confirm p-type conductivity, highlighting their suitability as a model system for research on oxide-based gas sensing.
I. INTRODUCTION
Nickel oxide (NiO) is a transparent oxide due to the wide band gap around 3.7 eV. 1 It crystallizes in the rock salt crystal structure and is either unintentionally p-type conductive or insulating depending on the growth conditions. 2 While highly stoichiometric NiO is considered to be insulating, hole states induced by Ni vacancies are supposed to create the unintentional p-type conductivity. The p-type conductivity can also be created intentionally by doping with Lithium. 2, 3 Explanations of the insulating state of NiO varied between a Mott insulator, a charge transfer insulator, or a mixture of both. 4 Furthermore, NiO is antiferromagnetic with a Néel temperature of about 525 K 4 . Below this temperature the crystal structure is slightly modified into a rhombohedrally distorted form bearing angles of > 90.1°i nstead of 90°. 5 However, for the present discussion which does not concentrate on magnetic properties but on crystal growth, electrical and optical properties we can safely neglect the small deviation from the perfect cubic structure. The wide variety of properties made NiO thin films an interesting material for many applications. First, NiO can be used as an antiferromagnetic layer in giant magnetoresistive (GMR) spin valve structures 6 and other magneto-electronic devices. 7 Secondly, as a p-type transparent semiconductor it is a very relevant material for oxide-based gas sensors 8, 9 as well as for pn-diodes and other transparent oxide electronics. 1, 10, 11 Additionally, NiO can be used as a hole transport and electron blocking layer in organic solar cells. 12 NiO films have already been grown by many methods, including sputtering, [13] [14] [15] metal evaporation with oxygen or nitrogen dioxide inlet, 16 pulsed laser deposition (PLD), 3, 17 sol-gel coating, 18 or plasma-assisted molecular beam epitaxy (PA-MBE). 19 As an alloy together with MgO it is also interesting for deep-ultraviolet photodetectors, offering a band gap tuning between 3.6 and 7.8 eV. 20 To exclude the disturbing effects of grain boundaries for basic investigations of the material single crystalline NiO layers are necessary. These layers can serve as model system with reduced complexity to investigate fundamentals of NiO-based applications, such as oxide-based gas-sensing. 21 The common rock-salt crystal structure with similar lattice constants of MgO (0.4212 nm) and NiO (0.4176 nm) and low lattice mismatch < 1 % makes MgO a widely-used, suitable substrate to epitaxially grow high quality NiO layers. 3, 19 In addition, MgO was found to be a good electron blocking layer for GaN/NiO based diodes. 22 Detailed investigations about the epitaxial growth of NiO at different growth conditions, however, are very rare: Warot 19 In this study we investigate the PA-MBE growth and properties of NiO thin films on different MgO orientations and under a wider range of growth conditions with the goal of realizing high quality single crystalline layers. Furthermore, we propose a new metrics to measure the crystalline quality of NiO using Raman spectroscopy. For all properties a reference NiO bulk sample was measured.
II. EXPERIMENT
For the MBE growth, quarters of 2-inch MgO(100), MgO(110) and MgO(111) substrates (from CrysTec GmbH) were used. For layers grown on MgO(100) growth temperature and oxygen flux were varied with the idea to modify the concentration of Ni vacancies. The growth temperatures are defined by the substrate heater temperatures, measured by a thermocouple between substrate and heating filament.
A 1 µm thick layer of sputter-deposited titanium layer on the rough backside of the substrate improved the substrate heating by absorbing the radiation from the heating filament. Activated oxygen was provided by flux passing a controlled molecular oxygen through an RF plasma source directed to the substrate. Before growth, the surface quality of all substrates was improved by a plasma treatment in the growth chamber at various conditions defined by temperatures ranging from 700°C to 900°C, oxygen fluxes ranging from 0.3 to 3 standard cubic centimeters per minute (sccm) at plasma powers ranging from 150 W to 300 W for 20 to 30 minutes. This treatment helps to reduce organic contaminations at the surface and increase the surface crystalline order. For the growth, an oxygen plasma and a nickel effusion cell were used. As a protection of the nickel effusion cell, the temperature was kept well below the melting point of nickel (1455°C), at 1380°C. The beam equivalent pressure (BEP), which is proportional to the particle flux, was measured by a nude filament ion gauge positioned at the substrate location and removed before growth. The resulting nickel BEP was between 7.7·10 −9 mbar and 1.3 · 10 −8 mbar, which led to growth rates between 0.05 Å/s and 0.09 Å/s. The growth temperature for layers grown on MgO(100) was varied between 20°C and 900°C. Furthermore, different activated oxygen fluxes were used: series one (S1) was grown with a high oxygen flux of 1 sccm at a plasma power of 300 W with resulting oxygen BEP of ≈ 1 · 10 −5 mbar. Series two (S2) was grown with a strongly reduced active oxygen flux of 0.3 sccm at 150 W with resulting oxygen BEP of ≈ 3 · 10 −6 mbar. Higher oxygen fluxes, which should be beneficial for the formation of Ni vacancies, led to the problem of NiO formation at the orifice of the nickel cell, which continuously reduces the Ni flux and can eventually lead to the complete closure of the Ni cell. In the following the samples will be named by their series and growth temperature, for example the sample from series 1 grown at 700°C is called S1-700. The layers on MgO(110) and MgO(111) were grown at 700°C with an oxygen flux of 1 sccm and a power of 300 W. Besides the plasma assisted growth, one layer was grown at 700°C on MgO(100) with molecular oxygen and a flux of 0.3 sccm.
After the growth, all layers were investigated by different ex-situ methods. First, the layer thickness was determined by fitting measured X-ray reflectometry (XRR) curves assuming only the NiO layer on top of the MgO substrate. A representative XRR curve and its corresponding fit curve are shown in Fig. 1 for S2-700. The extracted thicknesses of this layer and all other layers grown with an oxygen plasma on MgO(100) are shown in Tab. I. The extracted layer thickness of the sample grown with molecular oxygen is 39 nm. The extracted layer thickness on MgO(110) and MgO(111) are 30 nm and 35 nm, respectively. Secondly, different X-ray diffraction (XRD) scans were used to determine the epitaxial relationship between substrate and layer. Further layer properties were investigated for the growth series on MgO(100). The effect of different growth parameters on the surface morphology was analyzed by atomic force microscopy (AFM) in the peak force tapping mode using a Bruker "Dimension edge" with the "ScanAsyst" technology. Scanning electron microscopebased energy dispersive X-ray spectroscopy (EDX) with a Zeiss ULTRA 55 was used to determine the proportion of nickel and oxygen for selected samples, using an electron energy of 3 keV and a beam current of about 1 nA. The X-ray radiation is measured and analyzed by an EDAX system with a SDD Apollo XV detector. Raman spectroscopy was utilized to assess the NiO crystal quality. The spectra were recorded at room temperature in backscattering geometry using the 325-nm line of a Cd-He ion laser and a 405-nm diode laser for optical excitation. In addition, optical characteristics were determined by spectroscopic ellipsometry measurements in the range of 1.2 to 6.5 eV for three angles of incidence (50°, 60°, 70°) to improve the reliability of the obtained dielectric functions (DFs). The DFs were obtained by multilayer modeling of the ellipsometric data 26 , where the surface roughness was modeled using the Bruggeman effective medium approximation. 27 A similar procedure has been, for example, used for the investigation of the cubic In 2 O 3 . 28 As Hall measurements failed due to the high resistivity of the samples, the electrical characteristics were investigated using interdigitated contact patterns (idcs) to reduce the measured resistance with respect to the sheet resistance. The idcs consist of a layer of 20 nm Pt covered by 150 nm Au for S1. For S2 we reduced the metal stack to 15 nm Pt and 80 nm Au to simplify the lift-off process. Room temperature currentvoltage (I-V) characteristics of these patterns were measured to estimate the sheet resistance. Furthermore, the change of resistance of a heated sample during exposure to oxidizing and reducing gases was used to confirm its p-conductivity. 8, 29 
III. RESULTS AND DISCUSSION

A. Growth temperature
The out-of-plane orientation of layers grown on MgO(100) at different growth temperatures was investigated by symmetric 2θ − ω scans. Fig. 2 shows representative results for different layers as well as the bulk reference sample. For all grown layers only the NiO(200) and the MgO (200) substrate peak (and higher diffraction orders of the (100) planes as shown in the inset) are present, indicating exclusively (100)-oriented films. This is in contrast to the observations by Lind et al. who could only grow single-crystalline layers up to 250°C -260°C. 19 However, much higher growth rates (2.0-2.5 Å/s) were used in that case. Thus, a low growth rate may be important for the high temperature growth of single crystalline NiO. "Pendellösung" thickness fringes next to the NiO(200) peak are present for all growth temperatures, arising from the interference between the X-rays reflected at the two interfaces (air-layer, layer-substrate) for layers with regular lattice periodicity. 30 The bulk reference sample only shows the NiO(200) peak without fringes due to the missing substrate. The exact position of the NiO(200) diffraction peak is related to the film lattice constant in the growth direction. Strained growth of NiO on MgO is expected up to a critical thickness of about 60 nm, 31 due to the lattice mismatch. For pseudomorphic growth on MgO, the adaption of the in-plane direction to the higher MgO lattice constant would result in compressive out-of-plane strain. This leads to a lower out-of-plane lattice constant and therefore to a higher 2θ angle for the (200) peak compared to unstrained NiO, which can be seen for S1-700 and S2-20 in Fig. 2 . For NiO on MgO an in-plane strain of 0.00833 can be calculated by the relaxed lattice constants assuming pseudomorphic growth. Using the Poisson ratio from James et al. of 0.21, 31 an out-of-plane strain ( out ) of about 0.00443 should be measured. Similar values could be found for our layers deduced from the peak positions in the 2θ − ω scans (0.00417 -0.00451), but some layers already started to relax due to their higher layer thickness, as it can be seen for the S2-20 sample in Fig. 2 ( out =0.00324). Interestingly, the growth at 900°C led to a NiO(200) peak at lower 2θ than the bulk value (see Fig. 2 ), corresponding to a higher out-of-plane lattice constant than that of relaxed bulk NiO. This behavior cannot be explained by strain from the substrate. Instead, a higher lattice constant up to that of MgO can be realized in the alloy Ni 1−x Mg x O. 32 Using the lattice constant vs. Mgcontent data of Ref. [32] a Mg concentration of x=46 % can be estimated using the lattice constant of 0.419 nm deduced from the 2θ peak position of S1-900. Thus, the measured (200) peak position shift indicates significant diffusion of Mg from the substrate into the layer acti- vated by the high growth temperature, which would also explain the missing XRR oscillations as diffusion leads to a smeared-out density profile at the substrate-film interface. However, a thickness of about 40 nm still was measurable by the weak Pendellösung fringes in the 2θ−ω scan around the (200) peak. Mg-diffusion into the layer is corroborated by the presence of a Mg-peak in SEM-EDX measurement for the S1-900 sample at an electron beam energy of only 2 keV, which excludes penetration into the MgO substrate. Hence, epitaxial NiO(100) layers can be grown on MgO(100) at growth temperatures in the range of 20°C to 700°C, whereas a higher temperature of 900°C results in significant Mg incorporation from the substrate into the layer.
B. Epitaxial relationship
MgO(100) substrate
To determine the in-plane expitaxial relationship and the potential existence of rotational domains, XRD peaks of inclined lattice planes were measured by Φ-scans with rotational angle Φ around the surface normal. These measurements were performed in the skew-symmetric geometry with the sample tilted by the angle Ψ between the surface normal and the normal of the inclined lattice planes. Fig. 3 shows such a Φ-scan of the NiO(220) and MgO(220) peak of sample S2-20. It indicates a fourfold rotational symmetry for substrate and layer, as expected for the (100)-oriented structure, confirming the absence of rotational domains in substrate and film. In addition, the peaks of the substrate are at the same Φ positions as the layer peaks, indicating coinciding 110 directions of substrate and layer. Therefore, the epitaxial relationship a) b) 20 is cube-on-cube, i.e.:
This cube-on-cube growth is maintained under all investigated growth conditions, including the growth with molecular oxygen and that at high growth temperature with Mg-incorporation, as confirmed by XRD characterization (not shown) of all samples.
Rocking curves (ω-scan) measured by XRD are normally used for quality investigations of thin layers. The full-width-at-half-maximum (FWHM) of the peak gives information about the crystal perfection, since it correlates with the range of tilt angles of the measured lattice planes. Higher FWHM can be created by defects, such as misfit dislocations, 33 hence a smaller FWHM indicates a higher quality of the crystal. The FWHM can, however, also be affected by curvature or substrate quality. Indeed, MgO substrates often consist of multiple macroscopic domains with low-angle domain boundaries and a wide range of quality can occur even for the same vendor and batch. 34 Depending on the size, tilt and occurence of those macroscopic domains, a MgO peak can consist of one or multiple features, 34 which can be seen by closely inspecting the MgO(200) peak in Fig. 2 showing a sharp peak for S2-20 but multi-peak structure for S1-700 and S1-900. The FWHMs of the layers grown on MgO(100) are similar for most samples and around 0.05°to 0.07°. Only series two shows higher values (0.21°-0.42°) for all temperatures, except 20°C. An example of the two different rocking curves is shown in Fig. 4 . The broader peaks can be explained by the quality of the substrate which depends on the orientation of the different macroscopic domains it consists of. Due to the strong impact of the fluctuating substrate quality, no correlation between the quality of the layers and the temperature or oxygen flux influence can be extracted from the FWHM. However, the measured values can be considered as an upper bound estimate with low FWHM (<0.07°) on the higher quality substrates.
MgO(111) substrate
The 2θ − ω scan of the layer grown on MgO(111) is shown in Fig. 5 . It indicates the presence of a NiO(200) and a NiO(111) peak (seen as a shoulder at the high angle-side of the MgO(111) peak from the substrate). The NiO(111) peak can be clearly distinguished from the MgO(111) in the inset of Fig. 5 . Therefore, a single crystalline growth on the MgO(111) substrate did not take place under our growth conditions, likely related to a low surface quality of the substrate (see AFM image in Fig. 5 ) with a RMS roughness of 2.3 nm, that may trigger the formation of the thermodynamically stable (100) surface. The higher stability of the {100}-compared to the {111}-facet has been often observed by the growth of NiO tetrahedrons with {100} planes on MgO(111) and Al 2 O 3 (0001) substrates. 7, 23, 25 Additionally, a weak indium oxide peak is visible which is due to oxidized traces of indium that unintentionally covered small parts of the surface during In-bonding of the substrate.
MgO(110) substrate
In the 2θ − ω scan of the MgO(110) sample a NiO(220) peak is measured beside the substrate peak (see Fig. 6 ), Generally, the growth rate of an oxide film can be limited by the metal flux, corresponding to O-rich growth conditions, or by the O-flux, corresponding to metal-rich growth conditions. 35 All films were grown at the same 14 stoichiometries have been reported. Interestingly, XRD of the latter ones showed a cubic-NiO peak that was almost unchanged with stoichiometry. 14 XRD of all our layers indicates only the cubic phase by the presence of the NiO(200) and (400) peaks and the peak seen in the Φ-scans. A small shift of the NiO(200) peak of S2-700 with respect to S1-700 is visible but is related rather to strain than to stoichiometry as the thickness of S1-700 and S2-700 is below and above the critical thickness of 60 nm, respectively. To clarify the effect of the different oxygen fluxes during growth on the stoichiometry of our films further investigations by EDX were performed with the samples S1-250, S1-700, and S2-700. The results are shown in Tab. II. Due to the accuracy of 1-2 % of the measurement both samples of S1 can be seen as stoichiometric NiO, whereas a small Ni excess of <5 At% was found in S2-700. This Ni excess would be consistent with the lower O-flux used in S2 and could manifest itself in the existence of Ni-interstitials or O-vacancies. Hence, in our study both oxygen fluxes lead to nearly stoichiometric NiO films grown under O-rich conditions.
D. Surface morphology and annealing
The morphology of all samples on MgO(100) was investigated by AFM. The clean MgO substrate is shown in Fig. 8 a) . The surface is flat and has a root-mean-squared , the S1-700 layer (c) and the S2-700 layer (d). All show a surface composed of grains. However,the size is smaller for the lower temperature and for the first series at 700°C. The AFM image of the Mg-incorporated S1-900 sample is shown in (e) and the layer grown with molecular oxygen in (f). The AFM image shows a high roughness for both.
(RMS) roughness of about 0.1 nm. Furthermore, AFM images of S2-20, S1-700 and S2-700 are also shown in Fig. 8(b) , (c) and (d), respectively. All layers show a surface consisting of grains, independent of temperature and oxygen flux. As it is shown in Tab. III, a correlation between growth temperature and grain size can be seen. Overall, the sizes of series two are bigger, indicating a higher adatom surface diffusion length consistent with the lower O-flux and a higher temperature. In addition, the table shows the RMS roughness of all samples. However, no clear relation between the temperature and the roughness can be found. Solely, the roughness of S1-900 (with Mg incorporated from the substrate) of 3.7 nm is significantly higher than that of NiO grown at lower temperature, although the average grain size is still around 50 nm (see Fig. 8 e) . The layer grown with molecular oxygen (RF plasma power 0 W) also shows a higher roughness of about 2.5 nm due to the formation of tall islands (Fig. 8 f) . This indicates a low surface diffusion length even at 700°C, presumably due to the reduced adatom surface diffusion length by the lower oxidation power of molecular oxygen. This is in agreement with the investigation by Peacor et al. who observed NiO island formation for growth with molecular oxygen and smoother surfaces for samples grown with the more reactive NO 2 . 16 For growth temperatures higher than 400°C even unoxidized nickel has been observed in O 2 grown The influence of annealing on the surface morphology of MgO has already been investigated by Ahmed et al., who found terraces after 3 hours at 1200°C in an oxygen atmosphere. 36 In our study, a stepped surface (see Fig. 9 a) ) was reached after annealing the substrate four hours at 1150°C in a tube furnace with oxygen. Fig 9 b ) is a magnified image of a) and shows the around 1 µm wide steps. On the steps small islands formed possibly due to a small diffusion length. The step height is around 0.9 nm (see profile line in Fig. 9 c) ) which is similar to the expected height of 0.84 nm for a MgO double step. After the growth of NiO (700°C, 0.3 sccm) on this substrate, no steps are visible (see Fig. 9 d) ). Compared to Fig. 8 b) the morphology of the layer changed according to the formation of interconnected islands instead of grains. However, the steps are not adopted as shown in Fig. 9 d) . The roughness for the NiO layer on the annealed MgO is 0.4 nm, which is similar to the sample roughness of S1-700 and S2-700 (see Tab. III). No difference was seen in the XRD scan, either. Further improvement of the annealing conditions for more defined steps without islands could lead to a flat surface morphology without grains and improve the NiO layer. This could be achieved by off-cut substrates with a terrace width for example of less than 80 nm for the S2-700 growth corresponding to an off-cut angle above 0.3°.
E. Raman quality metrics of NiO(100)/MgO(100)
For rock-salt structures Raman spectroscopy is able to provide information about the crystal quality as the firstorder scattering by optical phonons is forbidden due to the symmetry selection rules. 37, 38 Crystal imperfections or the distortion below the Néel temperature (T N ) could lead to the occurence of a first-order optical phonon line (1P) in Raman spectra. However, Dietz et al. 37 showed no significant increase of the 1P peak for temperatures below T N . Thus, the intensity of 1P Raman peak still correlates with the layer quality. Since second-order Raman scattering by optical phonons (2P) is allowed also for perfect crystals, the intensity of the first-order Raman peak (I 1P ) normalized to that of the second-order peak (I 2P ) can be utilized as an inverse figure of merit for the crystal quality (Q):
where I 1P and I 2P are the integrated intensities of the corresponding Raman peaks. Since I 1P = 0 (Q = 0) for a perfect crystal, the value of Q increases with the density of crystal defects. For NiO three 2P peaks are visible in figure 10 . The corresponding modes have been identified as the 2TO modes (2P 1 ), the TO+LO modes (2P 2 ), and the 2LO modes (2P 3 ) by Mironova-Ulmane et al. 38 For our calculation of Q we used I 2P as the integrated intensity 400 600 800 1000 1200 Figure 10 . Raman spectra of sample series 2 and a bulk NiO reference sample. The spectra are normalized to the intensity of one second-order phonon scattering (2P3) and reveal the correlation between the growth temperature and the intensity of first-order phonon scattering (1P). The applied scaling factor for each scan can be found in the legend. The alloy (S1-900) shows no defined 2P3 Raman peak. The inset shows the calculated quality index Q from samples grown on MgO(100) up to 700°C as a function of growth temperature. The dashed line represents the quality index of a bulk NiO reference sample.
of the 2P 3 peak. Raman spectra of sample series 2 are shown in Fig. 10 with the intensity normalized to the intensity of 2P 3 . The decrease of the first-order Raman peak (1P) clearly reveals the improvement of the NiO crystal quality with increasing growth temperature. The NiO-MgO alloy (S1-900) shows no defined Raman peak. The crystal quality index Q defined in Eq. 1 is shown in the inset in Fig. 10 for all NiO films grown on MgO(100) as a function of growth temperature. For both sample series (S1 and S2), Q approaches at high temperature the value of the nearly perfect bulk NiO reference sample (shown as dashed line in the inset in Fig. 10) . The observed improvement of the crystal quality with increasing growth temperature is a frequently observed phenomenon for MBE grown films. The reason for this improvement is given by enhanced diffusion length of adatoms on the growth surface which increases the probability for the occurence of step flow growth and the the formation of a thermodynamically stable structure. 39 Consequently, the density of crystal defects becomes reduced at elevated growth temperatures, especially when the lattice mismatch between film and substrate is small. The generally smaller Q values (better crystal quality) observed for sample series two (see inset in Fig. 10) can be explained by the smaller oxygen flux during growth. The lower surface coverage by oxygen atoms also enables a higher surface mobility of adatoms which is beneficial for the obtained crystal quality (as ex-plained above). Furthermore, the higher crystal quality of NiO films prepared with smaller oxygen flux indicates that oxygen vacancies are not the main source of the crystal imperfections in the investigated NiO films. Our results demonstrate that Raman spectroscopy can be utilized in a very efficient manner to evaluate the crystal quality of NiO films. A similar approach has already been used to estimate the amount of crystal defects in SrTiO3 films. 40 In contrast to the XRD measurements, Raman spectroscopy is sensitive to imperfections of the crystal structure in the investigated NiO films since the Raman selection rules are influenced by the local crystal symmetry rather than by the flatness of the substrate. The local symmetry, however, is only influenced by lattice distortions and defects or grain boundaries.
Regarding the magnetic ordering, we investigated second-order magnon scattering using a 405-nm diode laser for excitation since the corresponding two magnon (2M) peak could not be observed for excitation at 325 nm. 41 The 2M peak is in general observable below the Néel temperature as a signature of antiferromagnetic ordering. Based on a detailed investigation of the dispersion for different directions in NiO, Betto et al. 42 revealed a reduction of the leading superexchange parameter for films compared to bulk NiO, presumably due to strain. For our films, independent of the growth temperature, a 2M peak is measurable as a fingerprint of antiferromagnetic ordering (see Fig. 11 ).
The observed redshift with respect to bulk NiO reflects the expected strain-induced decrease in the superexchange parameter, 42 which is proportional to the 2M frequency. 43
F. Optical properties
The optical properties are investigated by ellipsometry measurements of the NiO films on MgO(100) substrates. For the evaluation of the data, a three-layer model was used: Two NiO layers on a MgO substrate. The topmost NiO layer is needed to describe the surface roughness of the NiO and the other one describes the actual NiO film properties. The roughness layer was modeled by the Bruggeman effective medium approach assuming 50 % voids. It has a thickness of 2-7 nm. In most of the actual NiO layers voids were needed as well for the description of the optical properties, however only to a volume fraction below 7 %. There is a trend visible that less voids have to be assumed for higher growth temperatures, which indicates a better crystal quality. For the S2 samples an introduction of a certain inhomogeneity, that could be related to thickness fluctuation on the sample, was found to produce a better fit than a model solely based on voids and surface roughness. However, the model properties inhomogeneity, voids, and surface roughness are intertwined inextricably. 44, 45 The relative differences of surface roughness as found by AFM (Tab. III) presently Figure 11 . Raman spectra of all samples from series 2 measured at 100°C and excited at a wavelength of 405 nm. The shape of the 2P3 peak in this Raman spectra is somewhat distorted by the spectral characteristic of the particular Raman notch filter used for this excitation. The spectra are normalized to the intensity of the 2P3 peak and exhibit 2M peaks with similar frequencies and relative intensities. The spectrum of bulk NiO is shown for comparison. The applied scaling factor for each scan can be found in the legend. is not reflected by the roughness layer thickness d R (Tab. IV), determined by ellipsometry measurements. If however, the inhomogeneity would be removed from the model, the value for d R would follow more closely the trends found by AFM at the expense of a slightly decreased quality of the overall agreement between optical model and experimental data. All results are tabulated in table IV. The combined modeled thickness of the two NiO layers is similar to the thicknesses measured by XRR. Furthermore, all layers showed an onset of strong interband absorption around 3.6 eV, which is in excellent agreement with earlier experimental findings. [46] [47] [48] [49] All samples yield spectra with sharp and pronounced absorption features in the imaginary parts of their DFs which is a hint towards high crystalline and morphological quality. The DFs of the bulk NiO crystal and samples S1-700 and S2-700 are displayed in Fig. 12 . The increasing value of the real part of the DF for the oxygen poor sample (S2-700) in the transparency region below about 3.5eV is in agreement with Ref. [14] , however the general line shape and energy positions of distinguished features is in very good agreement to those of Refs. [46] [47] [48] [49] . 
G. Electrical properties
The idcs used in this study, reduced the measured resistance with respect to the sheet resistance by a defined geometry factor of 1.3 × 10 −4 for the structures shown in Fig. 13 a) and by a factor of 10 −3 using the structures shown in Ref [50] . Based on the measured resistance of the idcs, the calculated sheet resistances at room temperature for all samples grown on MgO(100) are higher than 10 9 Ω, indicating no significant bulk conductivity. The low bulk conductivity may be due to a too low concentration of unintentional acceptors (e.g. Ni vacancies) or the existence of a high concentration of compensating unintentional donors. Due to the high resistance of all samples any attempt to determine the conductivity type by Hall, capacitance-voltage or Seebeck measurements, failed.
As an alternative for determining the conductivity type we measured the resistance change of the idcs upon exposure to reducing or oxidizing gases at elevated temperatures -a behavior that is exploited in oxidesemiconductor based gas sensors. Oxidizing gases, such as NO 2 , act as surface acceptors, whereas reducing gases, such as CO, act as surface donors. 8 Consequently, exposure to oxidizing gases would reduce the number of electrons in n-type oxides and thus increase their resistance, whereas it would increase the number of holes and hence decrease the resistance of p-type oxides. 8, 29 The effect of reducing gases is opposite to that of oxidizing gases by either acting directly as surface donors or by reacting with and thus reducing the number of adsorbed surface-accepting oxygen. 29 Fig. 13 (b) shows the resistance of the idcs (a) for S2-400 as a function of NO 2 and CO content in synthetic air without humidity. The increasing resistance under CO exposure and decreasing resistance under NO 2 exposure consistently demonstrates p-type conductivity of our NiO sample.
IV. SUMMARY AND CONCLUSIONS
We investigated the growth of NiO layers by plasmaassisted MBE on MgO(100), MgO(110) and MgO(111). On MgO(100) and MgO(110) the NiO layers were single crystalline with (100) and (110) orientation, respectively, having an epitaxial cube-on-cube relationship to the substrate. The NiO layer on MgO(111), in contrast, consisted of (111) and (001) oriented domains, likely related to the rough substrate surface. The influence of growth conditions on film properties was investigated on MgO(100) by the variation of growth temperature and active oxygen flux: Single crystalline growth was maintained on MgO(100) in the entire range of investigated growth temperatures, i.e. from 20°C to 900°C, and different oxygen fluxes (including molecular oxygen), that all resulted in O-rich and Ni-limited growth conditions. Layers grown under vastly different conditions were fairly stoichiometric with an oxygen content in the range of 47 at.% to 50 at.%. All layers were transparent to the visible light and had a RMS surface roughness typically below 1 nm. Only the growth at 900°C or with molecular oxygen led to significantly higher roughnesses. At the growth temperature of 900°C Mg diffused from the substrate into the layer, resulting in a Mg x Ni 1−x O(100) film.
The intensity ratios of quasi-forbidden one-phonon to allowed two-phonon Raman peaks was introduced as a new quality metrics, which indicated the highest layer quality for a high growth temperature of 700°C and a low oxygen flux.
Therefore, for optimum crystal quality a growth of NiO on MgO(100) at a temperature ≥ 700°C but < 900°C using a low, plasma-activated oxygen flux is recommended by our data. A comparison to available literature suggests the importance of a low growth rate. A further improvement in crystal quality by using higher growth temperatures may be enabled by a thermodynamically more stable substrate material, such as sapphire (Al 2 O 3 ), that does not diffuse into the growing film. The epitaxy by ion-beam sputtering on a-and c-plane Al 2 O 3 resulted in NiO(111) films with two rotational domains, whereas that on m-plane Al 2 O 3 resulted in NiO(110) films consisting of multiple tilt domains. 7 Preparation of atomically bistepped (step heigth 0.433 nm) c-plane Al 2 O 3 surfaces by annealing prior to growth has been shown to prevent the formation of rotational domains, enabling the growth of single crystalline NiO(111) films thereon as demonstrated by pulsed laser deposition. 51 AFM images of our films showed a surface composed of grains with larger size for higher temperatures or lower activated oxygen flux, indicating an increasing surface diffusion length. Together with the Raman-derived quality metrics a correlation between a high layer quality and a high surface diffusion length is found.
All grown layers were semi-insulating with sheet resistance > 1 GΩ, indicating a too low concentration of unintentional acceptors (e.g. Ni vacancies) or the existence of a sufficiently high concentration of compensating unintentional donors. Nevertheless, p-type conductivity was confirmed at elevated temperature by gas response measurements of a representative layer, demonstrating the suitability of single crystalline NiO thin films for fundamental gas sensor research.
